Mutations in the unc-13 gene cause diverse defects in the nervous system of the nematode Caenorhabditis elegans. Molecular cloning of the gene and sequencing of the cDNA revealed that the product encodes a protein, 1734 amino acids in length, with a central domain with sequence similarity to the regulatory region of protein kinase C. The domain was expressed in Escherichia coli and shown to bind specifically to a phorbol ester in the presence of calcium; diacylglycerol inhibited the binding in a competitive manner. These findings confirm that the unc-13 gene product has binding sites similar to those of protein kinase C and may be a component of an alternative transduction pathway of the diacylglycerol signal to a different effector function in the nervous system.
ABSTRACT
Mutations in the unc-13 gene cause diverse defects in the nervous system of the nematode Caenorhabditis elegans. Molecular cloning of the gene and sequencing of the cDNA revealed that the product encodes a protein, 1734 amino acids in length, with a central domain with sequence similarity to the regulatory region of protein kinase C. The domain was expressed in Escherichia coli and shown to bind specifically to a phorbol ester in the presence of calcium; diacylglycerol inhibited the binding in a competitive manner. These findings confirm that the unc-13 gene product has binding sites similar to those of protein kinase C and may be a component of an alternative transduction pathway of the diacylglycerol signal to a different effector function in the nervous system.
In Caenorhabditis elegans, unc-13 mutants have uncoordinated movement and slow irregular pharyngeal pumping. There is evidence that the gene affects the nervous system rather than the musculature, which shows no visible defects. Abnormal connections between major interneurons through gap junctions have been found by reconstruction of part of the ventral nerve cord by serial section electron microscopy (I.N.M., unpublished results). It has been found by staining the nervous system with specific antibodies that motor and sensory neurons are misplaced in the unc-13 mutants (S. Siddiqui, personal communication). The mutants are also resistant to acetylcholinesterase inhibitors, such as aldicarb, but the enzyme is not altered (1) . They also accumulate abnormally high levels of acetylcholine without alterations in the levels of choline or choline acetyltransferase activity (2) .
In this report, we describe the isolation and molecular characterization of the unc-13 gene* and show that it encodes a protein with a phorbol ester/diacylglycerol binding activity and a domain homologous to the regulatory region of protein kinase C (PKC), a multifunctional kinase that plays a central regulatory role in one of the major signal transduction pathways (3).
MATERIALS AND METHODS
Nematode. The following C. elegans strains were used in this study. N2 is a standard wild-type; strain eSJ/e2274 is a partial revertant of the eSI mutant, e2153 and e2312 are weaker mutants spontaneously isolated from the background of a mutator strain, TR679 (4) , and eJO91 is an amber mutant isolated from N2 after ethyl methanesulfonate mutagenesis. The conditions for growth, maintenance, and genetic manipulation of the nematode have been described (5, 6) . DNA Procedures. Restriction enzymes, T4 DNA ligase, and Escherichia coli DNA polymerase Klenow fragment were used under the standard conditions (7) . DNA sequencing was carried out by the chain-termination method (8) after cloning relevant fragments into M13 vectors (9) . Oligonucleotides were synthesized by a DNA synthesizer (model 380B, Applied Biosystems).
A genomic A library was made with A2001 (10) from N2 genomic DNA by partial digestion with Sau3A1 restriction enzyme, followed by purification of 15-to 20- 
RESULTS
The unc-13 gene has been mapped to linkage group I, 0.025 map unit to the right of unc-15 (5, 14) , the structural gene for paramyosin, which was cloned by screening an expression library with a paramyosin-specific antibody (15) . Using the paramyosin clone as a probe, we started chromosomal walking by screening a genomic library made with A2001. Phage A clones identified by hybridization were "fingerprinted" by A. Coulson and J. Sulston and matched by computer to their set of ordered cosmids (16) . To determine the orientation of the overlapping clones to the genetic map, we looked for genomic polymorphisms due to the sDf6 deletion with a left break point between the unc-15 and unc-13 mutations (14) . One of the cosmids, C05B12, hybridized to a polymorphic band on Southern blots of genomic DNAs prepared from the sDff6 heterozygotes ( Fig. 1 A and B) . Then, polymorphisms due to unc-13 mutations were sought by hybridization of the serial cosmid clones to genomic Southern blots of unc-13 mutant DNAs. Polymorphisms were found in all four unc-13 mutants isolated from a TR679 background, which is a transposon high hopper strain (4), in one partial revertant of the eSl allele, but in none of 20 ethyl methanesulfonateinduced alleles. All of the polymorphisms were detected by the cosmids C44E1 and ZK516, but not by any others. The results with ZK516 are shown in Fig. 2A ; a deletion of about 2.0 kb was detected in the e2312 allele, and complex patterns, possibly involving DNA rearrangements, were found in e2153 and in a partial revertant, eSJ/e2274, of the eSI mutant. These alterations were located within a 9.2-kb HindIII genomic DNA fragment, which was identified by testing subclones of the cosmid C44E1.
To identify the unc-13 product, the 9.2-kb HindIII fragment was used as a probe to select clones from cDNA libraries prepared from mRNA from mixed-stage populations. After screening about 106 phage plaques, 11 positive clones were isolated. From the cDNA clone (2C1) with the largest insert, a 3.3-kb EcoRI fragment was subcloned into a pUC12 vector (9) . With this plasmid clone as a probe, the unc-13 mRNA was identified in a Northern blot (Fig. 2B) as a 5.9-kb mRNA both in wild type and in the e1091 amber mutant. However, the 5.9-kb mRNA was reduced in size to 5 (Fig. 3) . The genomic DNA sequences provide us the transcription direction of the gene on the genetic map, shown in Fig. 1D . From the DNA sequences and a restriction map of the mutant e2312 genomic DNA, it was determined that the DNA in the 2.0-kb deletion of e2312 covers an exon coding for 65 amino acids, from 110 to 174. Based on this result and the genetic map positions, we searched for the sequence changes of the amber mutant el091 and of the eSI allele in their 9.2-kb HindIII genomic fragments, using as primers a set of synthetic oligonucleotides chosen from the wild-type cDNA sequence. The results are shown in Figs. 1C and 3. The mutation in eSI is a C-to-T transition converting the CGA codon of Arg-390 into a TGA stop. The mutation of el091 is a G-to-A transition converting the TGG codon ofTrp-431 into a TAG amber stop. These results are consistent with the genetic map positions of the mutants and with previous evidence from suppression that el091 has an amber mutation. Thus, the unc-13 gene is on a chromosomal region associated with the polymorphisms described above and codes for 5.9-kb mRNA. However, we have not identified the 5' and 3' ends of the mRNA, and the chromosomal region must therefore extend beyond the 35 kb characterized. 
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TT'CATTTiC CTCCTTGGAAATGMGGAIGAACC TGMCA TTACGAGC TTATGTTTCAAG TCMGGATTACTGTTTTTGCACGGAGGATACGAGTTTGT.TGAGTTGGAGTTCTGCAAGTTATCAT 5040 and includes the highly conserved CI and CII subdomains, which are responsible for the diacylglycerol (or phorbol ester), phospholipid, and Ca2' dependence of the kinase activity of this protein (3). The CI subdomain of PKC typically contains two repeats of a cysteine-rich sequence, Cys-Xaa2-Cys-Xaal3-Cys-Xaa2-Cys-Xaa7-Cys-Xaa7-Cys, but only one is found in the unc-13 product (Fig. 4A) . However, a single repeat has been found in a new PKC enzyme, rat ; type (24) , in the human rafoncogene product (25) , and also in n-chimaerin (26), a sequence with unknown function that is specifically expressed in the human brain; furthermore, one repeat is sufficient to bind phorbol ester (13) . The unc-13 product has also a region homologous to the CII subdomain of PKC. This subdomain is responsible for Ca2" dependency of this enzyme activity. Some PKCs, rat 6 and E and rabbit novel type, do not have the CII subdomain, and this correlates with Ca2+ independence of the kinase activity (23, 29) . A similar sequence is also found in the phosphatidylinositol-specific phospholipase C (30) and a synaptic vesicle-specific protein (28) (Fig. 4B) . The putative ATP-binding site, Gly-Xaa-Gly-Xaa2-Gly-Xaa16-Lys, which is observed not only in PKC but also in many other protein kinases, is absent in the unc-13 product, as are other sequences characteristic of the kinase domain. This indicates that the product is unlikely to be a protein kinase. Except for the central domain, the unc-13 product has no significant similarity to any protein in the databases available, including GenBank, Swiss-Prot, and the Protein Identification Resource (Release 28.0).
The sequence analysis suggests that the unc-13 product may interact with phorbol esters and Ca2". To investigate these possible activities, a recombinant protein containing amino acid residues 389-1090 was expressed in E. coli by subcloning a 2.1-kb BamHI-EcoRI fragment of the cDNA into a plasmid expression vector (12) . The construct has a segment homologous to the CI and CII subdomains of the PKC regulatory region. The total protein prepared from bacteria harboring the construct was analyzed by in vitro binding to PBt2 in the presence or absence of Ca2+. (19) , bPKCa (20) , bPKCb (21) , hPKCb (21) , rPKCg (22) , rPKCd (23) , rPKCe (23) , and rPKCz (24) . All PKCs except for rat C type (rPKCz) have two repeats of six cysteine residues at the conserved positions, but only the second segments are employed for alignment. Also shown are the sequences of the human raf gene product (hRAF; ref. 25) and n-chimaerin (nCHIM; ref. 26) . Identical amino acid residues in the unc-13 sequence and others are boxed. (B) Alignment of the sequence of the unc-13 product with the CII subdomains of PKC, part of a bovine phosphatidylinositol-specific phospholipase C (bPLC) (27) , and one of the repeating units, homologous to the CII subdomain of PKC, of a rat synaptic vesicle-specific protein (rP65) (28) . frequency along the autosomes or a real nonrandom distribution of genes on the physical map. In the lin-12 cluster on LGIII, it has been suggested that clustering results at least in part from local decreased recombination frequency by comparison of physical distance and genetic map length (31) . We can estimate the ratio of physical distance to map length for the unc-15-unc-13 genes, located in the heart of the cluster on the LGI and separated by 0.025 map unit. The physical distance between the two genes is =80 kb as measured from restriction maps of the cosmid clones spanning this chromosomal region. This gives 3200 kb/map unit, which is 10 times greater than the average distance, 330 kb/map unit, estimated for the whole genome (i.e., 105 kb/300 map units), and -3 times greater than the distance in the cluster on LGIII (900 kb/map unit), suggesting that the apparent clustering results from decreased recombination frequency in this chromosomal region.
The unc-13 product has binding sites in common with PKC and binds to a PKC ligand in vitro. It may be part of a signal transduction pathway transducing the signal from diacylglycerol to effector functions specified by the novel N-or C-terminal domains. Mutation in unc-13 causes diverse defects in the nervous system in C. elegans. Phenotypes of the mutant, such as resistance to acetylcholinesterase inhibitor and accumulation of acetylcholine at an abnormally high level, may be explained by a defect in acetylcholine release, storage, or uptake (2). In fact, phorbol esters and Ca2l synergistically enhance neurotransmitter release by neurons (32) (33) (34) . These findings, along with the present results, suggest a primary role for the unc-13 product in neurotransmitter release from neurons. Since neurotransmitters also play important roles in neuronal development, including outgrowth and establishment of the circuitry (35) (36) (37) , the abnormal neuronal development in unc-13 mutants may be the secondary consequence of the altered function. Alternatively, the abnormal neuronal development (misplaced axons and abnormal gap junctions) may have produced a decreased rate of neurotransmitter release. Further analysis of function of the gene product should provide clues for understanding the phenotypes.
